foraging traits as indicated for alpine bumble bees (15). The model predicts changes in the energetic advantage of generalization with floral density. Long-tongued bumble bees exhibit greater specialization than that of short-tongued bees (16, 30) . Across a range of flight speed and plant community composition (15), the advantage of generalizing increases as flower density declines (Fig. 4) . Theoretical and empirical studies alike suggest that with lower floral resources, fitness advantages of long-tongued specialist phenotypes have diminished, potentially driving the rapid evolution of shorter-tongued bees. We have documented decreases in bumble bee tongue length within species and communities on three peaks in the Rocky Mountains. Our analyses suggest that reduced flower density at the landscape scale is driving this shift in tongue length. Although populations of long-tongued bees are undergoing widespread decline (1, 3) , shifts foraging strategies may allow alpine bumble bees to cope with environmental change. We see broader bumble bee foraging niches, immigration by short-tongued bumble bees, and shorter tongue length within resident bee populations as floral resources have dwindled. In remote mountain habitats-largely isolated from habitat destruction, toxins, and pathogens (31)-evolution is helping wild bees keep pace with climate change.
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Mitochondria fulfill central functions in cellular energetics, metabolism, and signaling.The outer membrane translocator complex (the TOM complex) imports most mitochondrial proteins, but its architecture is unknown. Using a cross-linking approach, we mapped the active translocator down to single amino acid residues, revealing different transport paths for preproteins through the Tom40 channel. An N-terminal segment of Tom40 passes from the cytosol through the channel to recruit chaperones from the intermembrane space that guide the transfer of hydrophobic preproteins. The translocator contains three Tom40 b-barrel channels sandwiched between a central a-helical Tom22 receptor cluster and external regulatory Tom proteins. The preprotein-translocating trimeric complex exchanges with a dimeric isoform to assemble new TOM complexes. Dynamic coupling of a-helical receptors, b-barrel channels, and chaperones generates a versatile machinery that transports about 1000 different proteins.
M
itochondria are pivotal for cellular adenosine triphosphate (ATP) production, numerous metabolic pathways and regulatory processes, and programmed cell death. Most mitochondrial proteins are synthesized as preproteins in the cytosol and are imported into mitochondria. Preproteins either contain N-terminal targeting sequences (presequences) or internal targeting information in the mature part (1-3). The protein translocator of the outer membrane (the TOM complex) functions as the main entry gate of mitochondria (1) (2) (3) . Over 90% of all mitochondrial proteins are imported by the TOM complex, followed by transfer to distinct translocators for individual classes of preproteins. Whereas all structurally known membrane protein complexes consist of either a-helical or b-barrel proteins, the TOM complex is composed of both a-helical and b-barrel integral membrane proteins. The complex consists of the channel-forming b-barrel protein Tom40 and six other subunits, each containing single a-helical transmembrane (TM) segments: the receptor proteins Tom20, Tom22, and Tom70 and the regulatory small Tom proteins (1-3) . The molecular architecture of the complex has not been elucidated. How a-helical and b-barrel membrane proteins can be combined into a functional complex and how diverse classes of preproteins can be transported by the same TM channel is unclear.
To define the architecture of the functional TOM complex, we mapped the interactions of Tom40 with preproteins in transit and a-helical subunits by in vivo and in organello site-specific cross-linking. Photoactivatable p-benzoylphenylalanine (BPA) was introduced at 108 different positions in the 387-residue Tom40 in yeast cells ( fig. S1 ) (4-6). A structural model based on homology and cysteine scanning shows 19 antiparallel b strands with the first and last b strands annealing in parallel arrangement (7-9) ( fig. S2A ). In TM b strands, every second residue faces the pore lumen, and alternate residues face outward. BPA cross-linking to Tom22 revealed outward orientation of side chains ( Fig. 1A and fig. S1 ). Whether preproteins transit through the lumen of the Tom40 b barrel or via the interstitial space between multiple b barrels that make up the TOM complex has been controversial (10, 11) . To resolve this, we accumulated the model preproteins presequence of subunit 9-dihydrofolate reductase (pSu9-DHFR) and ADP-ATP carrier (AAC)-DHFR without a presequence, in the TOM complex (10, 12, 13) and irradiated it with ultraviolet (UV) light. Residues cross-linked to pSu9 and AAC were only found at positions facing the pore interior ( Fig. 1 , B to D; red residues face the pore). Similar results were obtained by sulfhydryl group (SH)-directed chemical cross-linking ( fig. S2B ). Thus, preproteins in transit are located inside the b-barrel pore of Tom40 and not in the interstitial space between Tom40 molecules. Do presequence-containing and carrier-family preproteins use the same path through the Tom40 channel? The cross-linking results revealed a nonidentical pattern for pSu9-DHFR and AAC-DHFR (Fig. 1, D and E, and fig. S2C ). Negatively charged residues are aligned in the pore from the cytosolic side to the intermembrane space (IMS) side, forming acidic patches near the cross-linked sites for pSu9-DHFR (red in Fig. 1F and fig. S3 ), whereas hydrophobic patches (green) are near the cross-linked sites for AAC-DHFR and partly for pSu9-DHFR [presequences form positively charged amphiphilic helices (1-3)]. Homology models for animal and plant Tom40 indicate similar acidic and hydrophobic patches inside the channel pore ( fig. S4 ). We conclude that positively charged presequences follow an acidic path on the inner wall of the Tom40 pore, whereas carrier proteins interact with mostly hydrophobic residues. Thus, Tom40 can handle and chaperone (14) diverse classes of preproteins by providing distinct translocation paths.
Systematic analysis of the cross-linking partners of BPA-bearing Tom40 revealed that a-helical Tom proteins interact with the outside of the b barrel or loops of Tom40 ( Fig. 2A and fig. S1 ). Unexpectedly, the IMS protein Tim10 was crosslinked to the N-terminal segment of Tom40 (Fig. (Fig. 4, inset) .
2, A and B), suggesting that this segment extends from the cytosolic side through the b-barrel pore of Tom40 to the IMS (8). We generated yeast mutants with N-terminal truncations of Tom40 and found that, whereas a 62-residue deletion (tom40D62) inhibited import of both presequencecontaining and presequence-less preproteins, a 57-residue deletion selectively inhibited import of presequence-less preproteins (Fig. 2, C and D,  and fig. S5 ). The tom40D57 yeast strain became sensitive to overexpression of carrier proteins, not of a presequence-containing preprotein, being unable to cope with the increased load of hydrophobic preproteins (Fig. 2E) . Tim10 is a subunit of the hexameric Tim9-Tim10 (small TIM) chaperone in the IMS, functioning to guide presequence-less preproteins through the aqueous IMS (1-3). We thus conclude that the recruitment of these chaperones to the TOM channel exit promotes an efficient transfer of hydrophobic preproteins.
To define the subunit organization within the TOM complex, we probed the interactions of the Tom40 molecule with Tom40 itself and with the core receptor Tom22. We asked whether Tom40 molecules are close enough to make direct contact with each other, like bacterial b-barrel proteins (15), by chemical cross-linking with the SH-directed homobifunctional cross-linkers BMB or M2M. We introduced Cys at membrane-facing positions as well as pore-facing positions of a Cys-free Tom40 variant (8) . Cross-linked products were evident for the pairs of membrane-facing Cys residues in endogenous Tom40 (Fig. 3A) or imported Tom40 (fig. S6A ). The distances between the Sg atoms of cross-linked Cys are~6.9 and 12.0 Å for M2M and BMB cross-linking, respectively (16), indicating that two Tom40 molecules are located within a distance of~6.9 Å (Fig. 3B) .
Because the TM helix of Tom22 (Tom22 TM ) interacts with two Tom40 molecules (17), we analyzed the geometrical arrangement of Tom22 and Tom40. We introduced BPA into Tom40 at two of the positions 86, 309, 350, and 357 in the narrow vertical Tom22-interacting regions along the b-barrel axis (Fig. 3C and fig. S6B ) simultaneously. UV irradiation generated cross-linked Tom40:[Tom22] 2 oligomers for BPA positions 86 and 309 ( fig. S6B ). Simultaneous introduction of BPA into Tom40 and Tom22 in their interacting regions (Fig. 3, C and D oligomers only for a specific combination of introduced BPA (Fig. 3E) . These results pose a geometrical constraint that is consistent only with a threefold rotational symmetric arrangement of three molecules each of Tom40 and Tom22 (Fig.  3F) , in which the distance between the Tom40 molecules bridged by Tom22 must be larger than 22 Å, which is incompatible with a distance of 6.9 Å between the Tom40 molecules ( fig. S6A ).
How can the opposing cross-linking results be explained? We hypothesized that both dimeric and trimeric isoforms of TOM complexes, previously observed by single-particle electron microscopy analyses (18) (19) (20) , exist in organello. Tom40 Cys mutant mitochondria were subjected to crosslinking and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and blue native (BN)-PAGE (Fig. 3G) . SDS-PAGE demonstrated the cross-linked dimers, and BN-PAGE revealed that the cross-linked Tom40 dimers arose from ã 100-kD (100K) subcomplex, not from the mature (large) TOM complex. The two Tom40 molecules are thus close together, bridged by short chemical cross-linkers only in the 100K complex (Fig.  3B) . The 100K complex contains Tom40 and small Tom proteins, but not Tom22; it functions as a late assembly intermediate of newly imported Tom40 on the pathway to the mature TOM complex (17, 21) . Thus, the 100K complex containing the dimer exchanges with the mature trimeric TOM complex. A dynamic exchange between dimeric and trimeric forms provides the means for template-driven assembly of new subunits through their exchange for old subunits.
The Tom22 TM has been conserved through evolution, with an invariant Pro (Pro 112 ), flanked by basic residues on the cytosolic side and acidic residues on the IMS side ( fig. S7 ). We generated yeast strains with mutant Tom22 and analyzed destabilization of the TOM complex and in vitro import of presequence-containing and presequenceless preproteins by amino acid replacements of those residues ( fig. S8 ). These analyses suggest that the full-sized mature TOM complex tethered by Tom22 (Fig. 4, inset) is required for efficient preprotein import. We also determined the interactions of Tom40 with the receptor Tom20 and the small subunits Tom5, Tom6, and Tom7 (summarized in Fig. 2A and figs. S1 and S9). A complete model of the subunit arrangement in the TOM core complex is shown in Fig. 4 (middle panel).
We conclude that the trimeric mature TOM complex dynamically exchanges with a dimeric Tom22-free form that provides an assembly platform for the integration of new subunits (Fig. 4,  right panel) . The dynamic a/b organization of the TOM complex favors both assembly of the complex and cooperative preprotein transfer from receptors to the import channel and IMS chaperones, ensuring the efficient translocation of different classes of preproteins into mitochondria. , tethers two Tom40 molecules through the interactions of its N-terminal and C-terminal parts with conserved residues of adjacent Tom40 molecules.
